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• We want to understand submesoscale to mesoscale 
circulation and air-sea interaction and build the 
groundwork for a future spaceborne mission.

• What we need:
– Synoptic large scale coverage (~200 km x 100 km)
– Mapping <6 hours
– Resolution sufficient to resolve submesoscale 

features (200 m – 400 m)
– Simultaneous surface currents and winds
– Ability to compute relative vorticity, divergence, 

wind stress curl and divergence
– Ability to operate away from shore
– Measurements scalable to a spaceborne mission 

(not same accuracy, but better than daily coverage)

What problem are we trying to solve?
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DopplerScatt Vector Estimation

3

Bad azimuth diversity

Bad azimuth diversity

Good azimuth diversity
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DopplerScatt Overview
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DopplerScatt Programmtic Overview
Scanning Doppler radar developed under NASA’s IIP 
program
Becoming operational under NASA AITT program 
by 2019

Data Products: 
1.Vector ocean surface currents
2.Vector ocean surface winds
3.Radar brightness maps (sensitive to surfactants such 
as oil films)).

Mapping capabilities: 
• 25 km swath
• maps 200km x 100km area in about 4 hrs
• 200m data product posting
• Mapping within ~600 m of coast
• ~5-10 cm/s radial velocity precision.
• ~ 1 m/s wind speed, <20o wind direction.

Campaigns flown/planned:
• Oregon coast (2016)
• SPLASH (Submesoscale Processes and 

Lagrangian Analysis on the Shelf) in Mississippi 
River Plume

• KISS-CANON in Monterey Bay May 1-4, 2017.
• Chevron GoM (March, 2018)
• California current (August, 2018)



What velocity are we measuring?

• Radar sensitive to phase speed ~0.5 cm capillary waves (off-nadir) or tilts and small scale slope 
variations (near nadir)

• Free wave phase speed: ~31 cm/s. Capillary waves can also be generated as bound waves due to 
straining: will travel at straining wave phase speed (low wind speeds).

• Phase speed modulated by surface currents. Winds will add Stokes drift & surface drift.

• Gravity wave orbital velocity is added to capillary wave velocity. When averaging over surface waves, 
velocity is weighted (by radar brightness) spatial average.  

• Brightness not homogeneous over long wave:

• Hydrodynamic modulation due to 1) capillary amplitude modulation by spatially varying 
orbital velocity,; 2) wave breaking; 3) bound waves
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Radar Brightness Modulation
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Neutral Winds/Wind Stress



Empirical Wave Component Removal
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Near Surface Current Shear
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ECMWF wind field may be less accurate. Point B is
relatively sheltered from southerly and northwesterly
waves, and the fetch from the east is 40 km at most. If we
assume that the winds are accurate at that site too, we
find that the radar-derived current is weaker relative to
the wind, with UR/U10 typically smaller by 0.2% (a
;15% reduction) compared to point A. This appears
to be due to a reduction in USf, which is only partially
compensated for by a small increase in UE. This differ-
ence between points A and B nearly vanishes when only
westerly wind situations are considered (defined by winds
within 608 from the westerly direction).

4. Conclusions

Using a 2-yr time series of HF radar data and a novel
numerical wave model that is shown to reproduce the
observed variability of the surface Stokes drift with
wind speed and wave height, we have analyzed the wind-
driven surface current. When tidal currents are fil-
tered out, theory predicts that the measured velocities
are a superposition of a filtered Stokes drift USf and a
quasi-Eulerian current UE. With our 12-MHz radar,
USf is estimated to be on the order of 0.5%–1.3% of
the wind speed, with a percentage that increases linearly
with wind speed. These values are a function of the
radar wavelengths and would be larger, by up to 20%,
with higher-frequency radars that give currents repre-
sentative of a shallower surface layer. The other com-
ponent UE is found to be on the order of 0.6% of the wind
speed and lies in our Northern Hemisphere at an average
408–708 to the right of the wind, with a large scatter be-
cause of inertial oscillations that may be well modeled by
using a Laplace transform of the wind stress (Broche
et al. 1983). This large deflection angle is robustly given
by the coherence phase for clockwise motions in the
frequency range from 0 to the inertial frequency.

When instantaneous currents are compared to the
wind, the magnitude of UE appears to decrease with
wind speed, but it increases when a stronger stratifica-
tion is expected (Fig. 6). These surface observations
correspond to currents in the depth range 0–1.6 m and
confirm previous analysis of deeper subsurface mooring
data. If wind-correlated geostrophic currents are negli-
gible in our measurements, the shape of the classical
picture of the Ekman spiral is not correct and the surface
layer is much more slab-like than assumed in many
analyses, probably because of the large wave-induced
mixing at the surface (Agrawal et al. 1992). These find-
ings are summarized in Fig. 7.

If we neglect the wind-correlated geostrophic cur-
rents, which we deem reasonable, and interpret UE as
being purely wind-driven, our observations of UE/U10 at

point A are expected to be representative of the open
ocean, whereas in coastal areas and small basins, a less
developed sea state will lead to a smaller USf and a
larger UE, as we observe at point B. Such a generic
relationship of UE and U10 is very important for a
proper estimation of the energy flux to the mixed layer.
Besides, on top of the wind stress work on the Ekman
current, this energy flux should be dominated by the
dissipation of wave energy induced by breaking (e.g.,
Rascle et al. 2008). Also, there is the depth-integrated
Stokes–Coriolis force that is equal to the product of the
depth-integrated Stokes transport Mw 5 rw

Ð
Us(z) dz

FIG. 6. Observed tide-filtered quasi-Eulerian velocity magni-
tudes normalized by the wind speed and directions relative to the
wind vector. The linear increase of USf /U10 with U10 is consistent
with the quadratic dependence of USf on U10 given by Eq. (7). The
full dataset was binned according to wind speed. Dashed–dotted
lines correspond to stratified conditions only and dotted lines
correspond to homogeneous conditions. (bottom) The number of
data records in each of these cases. The dashed line show results
when USf is replaced by Uss( fB). Error bars show only 1/2 of the
standard deviation for all conditions combined, in order to make
the plots readable. All time series (wind, current, USf, and Uss) were
filtered in the same manner for consistency (except for the initial
detiding applied only to the current data). The error bars do not
represent measurement errors but rather the geophysical vari-
ability due to inertial motions.
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ABSTRACT

The surface current response to winds is analyzed in a 2-yr time series of a 12-MHz (HF) Wellen Radar
(WERA) off the west coast of France. Consistent with previous observations, the measured currents, after
filtering tides, are on the order of 1.0%–1.8% of the wind speed, in a direction 108–408 to the right of the wind,
and with systematic trends as a function of wind speed. This Lagrangian current can be decomposed as the
vector sum of a quasi-Eulerian current UE, representative of the top 1 m of the water column and part of the
wave-induced Stokes drift Uss at the sea surface. Here, Uss is estimated with an accurate numerical wave model
using a novel parameterization of wave dissipation processes. Using both observed and modeled wave spectra,
Uss is found to be very well approximated by a simple function of the wind speed and significant wave height,
generally increasing quadratically with the wind speed. Focusing on a site located 100 km from the mainland,
the wave-induced contribution of Uss to the radar measurement has an estimated magnitude of 0.6%–1.3% of
the wind speed, in the wind direction—a percentage that increases with wind speed. The difference UE of
Lagrangian and Stokes contributions is found to be on the order of 0.4%–0.8% of the wind speed and 458–708 to
the right of the wind. This relatively weak, quasi-Eulerian current with a large deflection angle is interpreted as
evidence of strong near-surface mixing, likely related to breaking waves and/or Langmuir circulations. Summer
stratification tends to increase the UE response by up to a factor of 2 on average, and further increase the
deflection angle of UE by 58–108. At locations closer to the coast, Uss is smaller and UE is larger with a smaller
deflection angle. These results would be transposable to the World Ocean if the relative part of geostrophic
currents in UE was weak, which is expected. This decomposition into Stokes drift and quasi-Eulerian current is
most important for the estimation of energy fluxes to the Ekman layer.

1. Introduction

Surface drift constitutes one of the most important
applications of the emerging operational oceanography
systems (e.g., Hackett et al. 2006), because it plays an
important role in the fate of oil pollutions and larvae
recruitment. A quantitative understanding of the relative
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Quantum Eddy Validation
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DopplerScatt validation data 
collection funded by Chevron.



Quantum Eddy Synoptic Currents
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DopplerScatt validation data 
collection funded by Chevron.



REMOTE OCEAN CURRENT IMAGING 
SYSTEM (ROCIS)
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ROCIS - the Remote Ocean 
Current Imaging System- is an 
aerial survey payload 
developed by Fugro and Areté
Associates to measure surface 
ocean currents. 

ROCIS validation data 
collection funded by Chevron.

Uses current induced shifts in 
the gravity wave dispersion 
relation to estimate surface 
currents.

Anderson, S., Zuckerman, S., Smirren, 
J., and Smith, R. (2015). Airborne 
ocean surface current measurements 
for offshore applications. In Offshore 
Technology Conference Proceedings.
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DopplerScatt – ROCIS Comparison
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Sentinel 3 2017-04-18
Courtesy of  Copernicus 
Sentinel, processed by ESA

DopplerScatt surface current
U component.

Circulation pattern matches 
Sentinel 3 color pattern very 
closely.
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Relative Vorticity
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Divergence
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Submesoscale Statistics

Skewness > 0 expected as 
z>0 structures have greater 
stability

Divergence range smaller than 
vorticity. Slightly skewed 
towards convergence.

Strain rate approximately chi-
squared distributed.
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Current Impact on Stress Derivatives
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Following Renault et al. (2016, 2017, 2018)

Small scale ocean features dominate the derivatives.



Current Modulation of Air-Sea Interaction
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Surface current 
relative vorticity

Wind stress curl



• SMODE: Sub-Mesoscale Ocean Dynamics Experiment
• NASA Earth Ventures Suborbital-3: 2019-2023
• PI Tom Farrar (WHOI) 

Coming up
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• Doppler scatterometry provides a method for measuring 
vector surface currents and winds.

• Validation results to date show good agreement between 
DopplerScatt measurements and other measurements, 
although some differences remain.

• DopplerScatt measurements of sub-mesoscale circulation 
provide synoptic characterization of the statistics for velocity 
derivatives, which has been hard until now.

• The ability to measure winds and currents simultaneously 
opens up a new door into studying air-sea interactions.

• Future data collections through SMODE will provide a unique 
opportunity to study submesoscale processes.

• Longer-term, there is a potential for a spaceborne system 
through the Winds and Currents Mission concept (WaCM).

Summary
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